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Soil anchors with their guy lines are employed in a wide variety of applications. Anchor
support for utility poles is the focus of the present study. A nonintrusive measuring
system is proposed to monitor the integrity of such guy line ground anchors. The natural
longitudinal frequency of the partially buried anchor rod with a terminal buried plate
attached can be measured periodically with an accelerometer. An increase in this frequency
over time would indicate a possible corrosion-induced loosening of the ground anchor
from its buried terminal plate, and the need for anchor replacement. A case study
involving an aging and failed utility pole anchor illustrates the need for such frequency
monitoring.
© 2014 Elsevier Ltd.
Introduction
A single generic steel anchor rod buried in soil and partially supporting a utility pole through one or more bundled,
stranded steel cables is shown in Fig. 1. To enhance the pullout capacity, such commercially available anchors have a steel
plate or similar ﬁxture attached at the buried terminal of the rod [1]. Besides utility poles, other structures supported
in this way include towers, retaining walls, canopies and manufactured homes built in ﬂood plains. Excluding utility pole
anchor failures, about 50 soil anchor failures between 1934 and 1980 have been documented [2]. Those failures were
generally attributed to stress corrosion cracking and hydrogen embrittlement, leading to separation of the buried rod’s
terminal ﬁxture and anchor pullout. Summarized in [3] are analytical and experimental techniques for estimating pullout
capacities of plate–rod anchors in soils. A method of measuring and monitoring stress of ground anchors using optical
methods was investigated [4].
Included herein is the theory for a nonintrusive method of monitoring the integrity of aging terminal plate ground
anchors. The focus is on utility pole support anchors. It is shown how increased longitudinal anchor frequencies may indicate
excess terminal plate–rod interface loosening through corrosion and the need for anchor replacement before system failure.
These ideas are illustrated with a case study involving a failed terminal plate soil anchor–utility pole system for which the
system parameters are deﬁned in Table 1. Mathematical modeling herein has led to predictions of plate–rod frequencies,
frequencies that are strongly dependent on a wide range of soil properties. These results can be employed in the design of
future frequency monitoring systems to determine soil anchor integrity.
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Table 1
System parameters for case studies.
Symbol and deﬁnition SI units U.S. customary units
Guy line
D0 = diameter 0.952 cm 0.375 in.
L0 = length 9.1–12.2 m 30–40 ft
m = unit mass 0.446 kg/m –
mg = unit wt. – 0.3 lb/ft
P0 = line tension 4.45–44.5 kN 103–104 lb
ω = natural transverse frequency 1.3–17.3 Hz 1.3–17.3 Hz
Anchor and soil
a = sound speed, rod 5.14× 103 m/s 1.69× 104 ft/sec
A = anchor rod, cross sect. area 2.85–5.06 cm2 0.442–0.785 in.2
E = Young’s modulus for steel rod 207 GPa 30× 106 psi
Es = Young’s modulus for soila (see Figs. 3–5) (see Figs. 3–5)
g = acceleration due to gravity 9.81 m/s2 32.2 ft/sec2
h = thickness, anchor plate 1.27–2.54 cm 0.5–1.0 in.
ks = soil stiffness Eq. (5) Eq. (5)
L = anchor rod length 0.9–2.4 m 3–8 ft
M = anchor plate mass 11.3–22.6 kg –
Mg = anchor plate wt. – 25–50 lb
p = natural frequency, buried rod-plate 50–400 Hz 50–400 Hz
unburied, L = 1.22 m
p0: ﬁxed–free rod 1054 Hz 1054 Hz
2p0: free–free rod 2108 Hz 2108 Hz
r = rod radius 0.953–1.27 cm 0.375–0.5 in.
R = anchor plate radius 19.1 cm 7.5 in.
ρ = rod mass density 7830 kg/m3 –
ρg = rod speciﬁc wt. – 489 lb ft3
νs = Poisson’s ratioa:
clay 0.4± 0.05 0.4± 0.05
sand; sand–gravel 0.35± 0.05 0.35± 0.05
a Soil properties are from data compiled in [5] and [6].
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For an unburied steel anchor, the longitudinal frequencies are inﬂuenced by the ﬁxity of the terminal plate. In this case,
two signature frequencies are used as reference values: a lower or base longitudinal frequency p0 for which the rod is
rigidly ﬁxed to its terminal plate (the free–ﬁxed conﬁguration); and twice that frequency 2p0 for the same rod with the
terminal plate unattached (the free–free conﬁguration). The base frequency is given by [7]:
p0 = πa
2L
; a =
√
E
ρ
(1)
Here, a is the longitudinal speed of sound for the rod where the three rod parameters L, E and ρ are deﬁned in Table 1.
In (1) the units of p0 are rad/s.
Frequencies for buried anchors
To determine how the soil media inﬂuence the longitudinal frequencies of embedded plate–rod conﬁgurations, consider
the classical elastic wave equation, or
E
∂2u
∂x2
= ρ ∂
2u
∂t2
(2)
This is the same equation of motion that led to the base frequency p0 derived in [7]. Here, u = u(x, t) is the longitudinal
displacement of a material point of the rod at point x (see Fig. 1) and at time t . During free vibration, the top end condition
at x = 0 is strain-free or
∂u(0, t)/∂x = 0 (3)
The boundary condition at the buried end is expressed in terms of the rod’s compressive end load, which is balanced by
the inertial load of M and the reaction load of the soil of stiffness ks acting on the conﬁned terminal plate. That is
AE
∂u(L, t)
∂x
= −M ∂
2u(L, t)
∂t2
− ksu(L, t) (4)
In (4), the cross sectional area of the rod is A, and the soil stiffness in response to a loaded plate is derived in [8] as
ks = 2REs
(1− ν2s )
(5)
In (5) R is the terminal plate radius and Young’s modulus and Poisson’s ratio for the surrounding soil are Es and νs ,
respectively.
By employing the methods of [7], then (2) is solved subject to end conditions (3) and (4). From this is derived the single
equation for the soil-modiﬁed anchor signature frequencies p in implicit form, or
AρL
M
tan
pL
a
= − pL
a
(
1− ks
p2M
)
(6)
Thus, given the six terminal plate-anchor rod parameters (A, E, L,M, R,ρ) and also the two soil characteristics Es and νs ,
the parameters a and ks can be calculated from (1) and (5) respectively. Then the lowest signature frequency p, given in
units of rad/s, can be calculated numerically from (6) using the subroutine FindRoot in [9].
Numerical results for buried anchor frequencies
Signature frequencies p for two commonly used steel anchors of lengths L = 1.2 m and 2.4 m were computed from (6).
Each rod anchor had a circular terminal plate of M = 11.3 kg or 22.6 kg. See Table 1. Three general classes of soils were
considered where the range of their mechanical properties (Es and νs) were based on data compiled in [5] and [6].
Shown in Fig. 2 are the results for three clay media: soft, hard and sandy. For a ﬁxed value of L and M , an anchor’s
signature frequency increased from about 50 Hz to a maximum of 400 Hz as the clay’s modulus Es increased to a maximum
of 250 MPa. Similar results are observed for two other soil types of smaller modulus values: the pure sand of Fig. 3 and the
sand–gravel mix of Fig. 4. Considering all of these soil types, the common trend is that the shorter anchors with the least
massive terminal plates give the highest rod frequencies.
The results of Figs. 2–4 also show that the presence of surrounding soil signiﬁcantly depresses an anchors’ base frequency
p0. For instance, an unburied anchor’s base frequency of p0 = 1054 Hz decreases to the range of 50 Hz to 400 Hz in clay.
Further, if that terminal plate–rod connection is quite loose, with or without the surrounding soil, then that anchor vibrates
as a free–free rod, or 2p0 = 2108 Hz. By comparing the measurements of such frequencies, one can deduce whether or not
the terminal plate is attached to its rod in buried conﬁgurations, which is illustrated in the case study that follows.
4 J.F. Wilson / Case Studies in Nondestructive Testing and Evaluation 1 (2014) 1–6Fig. 2. Frequencies for anchors embedded in clay.
Fig. 3. Frequencies for anchors embedded in sand.
Fig. 4. Frequencies for anchors embedment in a gravel–sand mix.
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A case study
An investigation was made of the failed 50 year old utility pole pictured in Fig. 1. This pole fractured about 2 m above
its base and fell across a passing vehicle. See the site diagram of Fig. 5. As the pole toppled, its rod anchor pulled loose
from its terminal plate, which was embedded in rocky soil about 5 m from the pole.
This fractured pole was a pivot or terminal pole at the end of several in-line poles on the west side of the Ridgedale
Ave. The three guy lines supported by the anchor system for the pivot pole were meant to counteract the eccentric pole
loading imposed by the multiple power and communication lines that took a sudden 42 degree turn at this pole to cross
over Ridgedale Ave.
The conclusion of the investigation was that the most probable cause for pole failure was the below ground anchor
corrosion followed by anchor pullout. Over time, as corrosion at the terminal plate–anchor rod interface progressed, the
wind-induced vibrations of the anchor guy lines slowly loosened the rod from its terminal plate. Without guy line-anchor
support, the pole stood alone, supported only by its own strength. Calculations showed that the pole was then close to its
breaking strength for the existing wind speed that day of about 29 km/h. For previous stronger wind loads, the system did
not fail because anchor corrosion at the terminal plate–rod interface had not signiﬁcantly progressed to cause separation.
The cause of anchor failure was supported by the testimony of the two linemen who replaced the failed pole and its
soil anchor. They found the rod anchor lying on the ground with a highly rusted and spike-shaped terminal, which was
completely detached from its still buried terminal plate.
A further investigation by this writer revealed that the failed anchor had been buried in a compact gravel–sand soil mix.
Assuming that this soil had a nominal value for Young’s modulus of about 150 MPa, then the anchor when intact had a
signature frequency p in the range of 200 to 300 Hz, as deduced from the data in Fig. 4. As corrosion continued over time,
this low frequency would have increased, approaching the maximum value of 2p0 ≈ 2100 Hz at a failure. Such frequency
progression could have been measured and monitored by the system described next. This case study illustrates the strong
need for a nonintrusive measuring system for monitoring the integrity of soil anchors, especially anchors supporting aging
poles.
Measuring soil anchor integrity
The following is a brief description of an anchor monitoring system, which is presently being developed by this writer,
using commercially available components. The vibration sensor, a piezoelectric accelerometer with a sensitivity of 0.5 volts
per g is attached with a C-clamp to the protruding anchor rod close to the top, as shown in Fig. 1. The operator excites
longitudinal rod vibrations by applying a longitudinal hammer tap to the top of the rod next to the attached guy wires.
This accelerometer’s longitudinal vibration signal is ampliﬁed and digitized through a data acquisition system such as Model
D1-158 made by DATAQ, Inc. The digitized data is stored on a PC with a Windows XP or Windows 8 operating system and
with WINDAQ software for performing a spectral analysis of the acceleration data. The dominant peak in the trace of the
frequency spectra gives the desired frequency p.
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life for installations supported by soil anchors. Thus, failures as described in the case study can be avoided.
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